Topoisomerase I (TOP1)-mediated DNA damage induced by camptothecin (CPT) in the presence of active transcription has been studied using purified calf thymus TOP1 and T7 RNA polymerase. CPT-stabilized TOP1 cleavable complexes located on the template strand within the transcribed region were found to be converted into irreversible strand breaks by the elongating RNA polymerase. By contrast, CPTstabilized TOP1 cleavable complexes located on the non-template strand within the 
INTRODUCTION
Topoisomerase poisons represent a unique class of DNA damaging agents which have substantial usefulness as therapeutics ranging from antibiotics to antitumor agents (1) (2) (3) (4) (5) . Different from other DNA damaging agents, the primary DNA 'lesion' induced by topoisomerase poisons is in the form of a reversible cleavable complex (1) . Conversion of this reversible complex into irreversible DNA damage is central to the mechanism of action of topoisomerase poisons (1) (2) (3) (4) (5) (6) .
Camptothecin, a prototypic topoisomerase I (TOP1) poison, is an effective antitumor drug with a broad spectrum of antitumor activity (reviewed in 6). In cultured cells, in addition to its potent cell killing activity, camptothecin inhibits both DNA and RNA synthesis (reviewed in 7) , arrests cells in the G2 phase of the cell cycle (8) , stimulates sister-chromatid exchanges (SCE) and chromosomal aberrations (9) (10) (11) , elevates p53 levels (12) , induces multi-ubiquitination and degradation of topoisomerase I TOP1 (13, 14) , and activates signal transduction molecules such as protooncogenes (e.g. c-fos and c-jun) and NF-κB (15, 16) . All these activities are believed to be due to the 'poisoning' effect of camptothecin on its molecular target, TOP1.
Camptothecin traps a reversible cleavable complex (7) by blocking the religation step of TOP1-catalyzed cleavage/ religation reaction (17) . This reversible cleavable complex can be converted into irreversible, protein-linked, strand breaks in vitro by treatment with protein denaturants such as SDS and alkali (7) . It was suggested that cellular processes may act similarly in transforming the cleavable complex into DNA damage (1) . Active DNA replication has been identified to be one such cellular process (18) (19) (20) (21) . Collision between the replication machinery and the reversible cleavable complex has been shown to cause replication fork arrest and transformation of the reversible cleavable complex into a double-strand break (19, 21) . S-phase-specific cytotoxicity, G2 arrest and elevation of p53 levels are downstream events of such a collision (8, 12) .
However, other cellular effects of camptothecin such as RNA synthesis inhibition, multi-ubiquitination of TOP1, chromatin reorganization, activation of signal transduction molecules, and S-phase-independent cell killing cannot be explained by the replication collision model (13-16; unpublished results). It seems possible that cellular processes other than DNA replication may also be involved in transformation of the reversible TOP1 cleavable complexes into irreversible strand breaks.
TOP1 has been located primarily within the actively transcribed regions in Drosophila and mammalian cells (22) (23) (24) (25) (26) . Genetic studies in yeast have pointed to a role of TOP1 in RNA transcription (27) . The abundance of TOP1 cleavable complexes induced by camptothecin within the transcribed regions has prompted us to examine whether the elongating RNA polymerase may be involved in the processing of the cleavable complexes.
Previous studies using purified T7 RNA polymerase and TOP1 have demonstrated that TOP1-camptothecin-DNA cleavable complexes located on the template strand inhibit transcription elongation by arresting the elongating RNA polymerases (28) . Premature termination of the RNA chains has also been demonstrated, consistent with results from earlier cellular studies showing shortened rRNA chains in camptothecin-treated cells (29) . However, the nature of the 'processed' cleavable complexes upon their interaction with the elongating RNA polymerase has not been examined.
In the current studies, we show that the elongating T7 polymerase can indeed convert the reversible cleavable complexes into irreversible DNA breaks. Like inhibition of RNA chain elongation, conversion of the reversible cleavable complexes into irreversible *To whom correspondence should be addressed. Tel: +1 908 235 4592; Fax: +1 908 235 4073; Email: lliu@umdnj.edu strand breaks occurs primarily on the template strand within the transcribed region. Our results point to a transcription collision model in which the elongating RNA polymerase is arrested by the TOP1 cleavable complex located on the template strand, resulting in the conversion of the reversible cleavable complex into irreversible strand breaks. The significance of this transcription collision model in camptothecin-induced DNA damage and repair is discussed.
MATERIALS AND METHODS

Enzymes, DNA and reagents
Calf thymus TOP1 was purified as described previously (30) 
End-labeling of DNA
3′ End-labeling of DNA using Klenow polymerase was performed as described previously (31) . Briefly, the plasmid DNA was digested with appropriate restriction enzymes as described in the Figure 1 legend, followed by labeling with Klenow polymerase and [α-32 P]dCTP. End-labeled DNA was extracted with phenol and precipitated twice with ethanol in the presence of 2.5 M ammonium acetate. The labeled DNA was further digested with another restriction enzyme to generate uniquely 3′ end-labeled DNA.
For 5′ end-labeling, the DNA fragment was amplified by PCR using two primers, one of which was 5′ end-labeled using T4 polynucleotide kinase and [γ-32 P]ATP prior to PCR (see Fig. 1 legend for details).
In vitro transcription in the presence of TOP1 cleavable complexes
Transcription reactions (20 µl each) contained 40 mM Tris, pH 8.0, 25 mM NaCl, 8 mM MgCl 2 , 2 mM spermidine, 5 mM dithiothreitol, 20 ng of end-labeled pBKSA-1 DNA, 20 ng of TOP1, 20 µM camptothecin, 0.8 mM each of ribonucleoside triphosphates (rNTPs), and 50 U T7 RNA polymerase. The reaction mixtures were incubated at 37_C for 15 min, and then terminated by addition of SDS (1% final) and proteinase K (0.5 mg/ml final). To test for the reversibility of TOP1 cleavable complexes, reaction mixtures were incubated at 65_C for 20 min (heat-induced reversal) prior to SDS-proteinase K treatment. The mixtures were further incubated at 37_C for 1 h for complete protease digestion. After phenol extraction, the reaction mixtures were precipitated with ethanol in the presence of 2.5 M ammonium acetate and 20 µg of yeast core RNA. The DNA pellets were resuspended in TE or the sequencing loading buffer and prepared for electrophoresis either in 0.8% agarose gel or 6% polyacrylamide sequencing gel. Gels were dried Figure 1 . The restriction map of pBKSA-1. pBKSA-1 DNA was used to generate various DNA fragments used in the current study. For the 3′ endlabeled template strand, pBKSA-1 DNA was digested with BspEI, 3′ endlabeled with Klenow polymerase, and further digested with NdeI to generate uniquely end-labeled DNA suitable for DNA sequencing. For the 3′ endlabeled non-template strand, pBKSA-1 was digested with HindIII, 3′ endlabeled with Klenow polymerase, and further digested with XhoI. For the 5′ end-labeled template strand, two PCR primers, 5′-GCCAAGCGCGCAATTA-ACCCTCACT-3′, and 5′-TGTATGCGGCGACCGAGTTGCTCTT-3′, were synthesized, with the former one being labeled using [γ-32 P]ATP and T4 polynucleotide kinase. pBKSA-1 DNA was then used as the template for PCR amplification using these two primers to generate a 1379 bp DNA fragment. For the T7 promoter-containing duplex DNA used for mapping double-strand breaks generated by T7 RNA polymerase and TOP1, pBKSA-1 DNA was digested with BsaHI, 3′ end-labeled with Klenow polymerase and further digested with XmnI.
onto Whatman 3MM chromatographic paper and prepared for autoradiography. The bands were quantitated by densitometric scanning of the Kodak XAR-5 films.
RESULTS
Cleavable complexes located downstream from the promoter on the template strand are converted into irreversible single-strand breaks by the elongating RNA polymerase
The interaction between the elongating RNA polymerase and TOP1-camptothecin-DNA ternary cleavable complex was studied using either a 3′ end-labeled ( Fig. 2A) or a 5′ end-labeled ( Fig. 2B ) DNA fragment. In both cases, the template strands of transcription were 32 P-labeled. In the absence of T7 RNA polymerase, cleavable complexes were detected in the entire length of the fragment, as evidenced by their conversion into strand breaks following SDS-proteinase K treatment ( Fig. 2A , lane 1). In the presence of T7 RNA polymerase ( Fig. 2A , lanes 3 and 5), an RNA polymerase footprint was evident from the lack of cleavable complexes in the promoter region (compare lane 1 with lanes 3 and 5, and see the bracketed region in Fig. 2A ). All the cleavable complexes were reversible as evidenced by heat-induced reversal ( Fig. 2A, lanes 2 and 6) , except for those located downstream from the promoter in the reaction containing T7 RNA polymerase and all four rNTPs (Fig. 2A, lane 4) . These cleavable complexes located downstream from the T7 promoter were only partially reversed as evidenced by the presence of residual strand breaks upon heat-induced reversal (Fig. 2A, lane Figure 2 . Transcription-dependent DNA strand breaks on the template DNA strand. The positions of the TOP1 cleavable complexes on the template strand were determined by comparison to a sequence ladder (G+A) generated by chemical sequencing (46) . All reactions contained 20 µM camptothecin. The presence of T7 RNA polymerase and either four rNTPs or two rNTPs (G and A) were indicated in the figure. Some of the reactions were subjected to heat-induced reversal (see lanes with + signs) prior to SDS-proteinase K treatment. The T7 promoter and the direction of transcription were indicated by an arrow. The putative footprint of RNA polymerase as evidenced by reduction in TOP1-mediated DNA cleavage was marked by a bracket. (A) The 3′ end-labeled template DNA strand. The arrowheads indicate the sites of cleavage which were quantitated by densitometric scanning (see Fig. 3 ). (B) The 5′ end-labeled template DNA strand. *Marks an unknown breakage site present in the DNA. 4 ). Careful inspection of the residual strand breaks revealed a gradient of irreversibility being maximum at the promoterproximal sites and declining toward the promoter-distal sites (lane 4). A quantitative analysis of some of these residual strand breaks after 'reversal' is shown in Figure 3 . Cleavable complexes located in the promoter-proximal regions on the template strand were analyzed (from -42 to +302 bp). As shown in Figure 3 , all cleavable complexes selected for this analysis were indicated by arrowheads. Following heat-induced reversal, the size of the arrows indicates the band intensity of each irreversible strand break relative to that in the absence of heat-induced reversal. It is evident that there is a gradient of conversion of TOP1 cleavable complexes into irreversible strand breaks.
The fate of the TOP1 cleavable complexes on the template strand during active transcription was also determined using a 5′ end-labeled DNA fragment (Fig. 2B) . Again, the reversible TOP1 cleavable complexes located downstream from the promoter were converted into irreversible strand breaks (Fig. 2B, compare  lanes 2 and 5) . A gradient of irreversible strand breaks is again observed. The gradient of conversion is maximum in the promoter-proximal region and declines gradually toward the 3′ downstream region. The dramatic cutoff of the irreversible strand breaks upstream of the promoter region is also quite evident from this gel (Fig. 2B, lane 5) Cleavable complexes located downstream from the promoter on the non-template strand are unaffected by transcription elongation
The positions of the cleavable complexes on the non-template strand were also determined by comparison to a sequence ladder (G+A) generated by chemical sequencing. As shown in Figure 4 , many cleavable complexes (strand breaks) were evident in the absence of transcription (lane 6). In the presence of T7 RNA polymerase, an RNA polymerase footprint was again evident from the lack of cleavable complexes in the promoter region (compare lane 6 with lanes 2 and 4, and see the bracketed region in Fig. 4) . Upon heat-induced reversal, the majority of the cleavable complexes disappeared in reactions containing either no T7 RNA polymerase (Fig. 4, compare lanes 5 and 6) or with T7 RNA polymerase and two rNTPs (Fig. 4, compare lanes 1  and 2) . In the presence of T7 RNA polymerase and all four rNTPs, cleavable complexes located downstream from the promoter remained reversible (i.e., absence of cleavage) by the heat-induced reversal test (Fig. 4, compare lanes 3 and 4) . However, some of the cleavable complexes located upstream of the promoter appeared less reversible by the heat-induced reversal test (Fig. 4, compare lanes 3 and 4) . The two sites (-7 and -10) located closest to the promoter were not affected by heat-induced reversal and were not present as reversble cleavable complexes in the absence of transcription. It is unclear whether these two sites represented TOP1-linked single-strand break or were generated by a nuclease activity which is activated during transcription (i.e., in the presence of four NTPs).
Transcription-dependent induction of an irreversible double-strand break near the promoter
To test whether the reversible cleavable complexes can be converted into irreversible double-strand breaks by the process of transcription elongation, we have also analyzed the DNA by electrophoresis in 0.8% neutral agarose gel. In the absence of T7 RNA polymerase (Fig. 5, lane 7) or in the presence of T7 RNA polymerase but with only two rNTPs (Fig. 5, lane 11) , several double-strand breaks were produced. These double-strand breaks disappeared upon heat-induced reversal (Fig. 5, lanes 8 and 12) . The reversibility of these double-strand breaks suggested that they were derived from two adjacent cleavable complexes located on opposite DNA strands. In the presence of all four rNTPs, an extra double-strand break (Fig. 5, lane 9 , labeled X) was observed. Unlike other double-strand breaks, this double-strand break persisted upon heat-induced reversal (Fig. 5, compare lanes  9 and 10) . The irreversible nature of this particular double-strand break was also demonstrated using either 0.5 M NaCl or excess salmon sperm DNA to induce reversal (data not shown). We noticed a reproducible downward shift of band X upon reversal (Fig. 5 , compare bands X and X′). The reason for this slight mobility shift is unclear but it may be related to the extensive structural change of the DNA following closure of the multiple nicks on the linear DNA upon heat-induced reversal. Restriction enzyme mapping located this double-strand break to within 100 bp of the T7 promoter (data not shown).
DISCUSSION
Our results have shown that transcription elongation can process the reversible TOP1-camptothecin-DNA cleavable complexes into irreversible strand breaks on the template but not on the non-template strand within the transcribed region. Analysis of cleavable complexes at different sites within the transcribed Figure 5 . Transcription-induced irrversible double-strand breaks. Uniquely 3′ end-labeled duplex DNA was used to map DNA double-strand breaks induced by transcription elongation in the presence of TOP1 cleavable complexes. The reactions were carried out as described in Figure 2 except that 3′ end-labeled duplex DNA was used and the DNA samples were analyzed by 0.8% agarose gel in 0.5× TPE buffer. The X and X′ mark the positions of the transcription-dependent double-strand breaks before and after heat-induced reversal, respectively.
region has revealed a gradient of irreversible single-strand breaks on the template strand being maximum near the promoter and much reduced toward the downstream regions (Fig. 3) . Although the overall trend of irreversibility for cleavage sites appears to be a gradient, there are quantitative differences in irreversibility amongst closely positioned sites (e.g., sites at +38, +47 and +55). The reason for these quantitative variations in irreversibility amongst closely positioned sites is not understood at present, but could be related to the instrinsic differences in the quality of the TOP1 cleavable complexes at these sites. To explain this gradient of conversion on the template strand, we propose a simple transcription collision model shown in Figure 6 . In this model, the TOP1 cleavable complexes formed on the non-template DNA strand are transparent to the elongating RNA polymerase (i.e., transcription readthrough, Fig. 6A ), whereas those on the template strand can arrest the elongating RNA polymerase (Fig. 6B) . The arrest of the elongating RNA polymerase at sites of the cleavable complexes is associated with the conversion of the reversible cleavable complexes into irreversible single-strand DNA breaks. Previous studies have already demonstrated that the cleavable complexes on the template but not the non-template strand can arrest transcription and cause premature termination of the RNA transcripts at the arrested sites (28). Our current results support the notion that transcription arrest is mechanistically linked to the conversion of reversible TOP1 cleavable complexes into irreversible strand breaks on the template strand. The presence of an apparent gradient of irreversible breaks can be explained by a gradual decrease in transcriptional activity at sites distal to the promoter due to arrest of elongating RNA polymerases by multiple TOP1 cleavable complexes within the transcribed region.
Our proposed transcription collision model is analogous to the replication collision model proposed for camptothecin cytotoxicity (19, 21) . The collision between the replication forks and the reversible TOP1 cleavable complexes is proposed to result in irreversible fork arrest, generation of double-strand breaks, and the conversion of reversible cleavable complexes into irreversibly cleaved complexes (19, 21) . One or more of these events may be responsible for cell killing, cell cycle arrest and elevation of p53 protein levels (8, 19, 21) . Analysis of the replication intermediates following the collision between the replication machinery and the cleavable complexes has revealed that the orientation of the TOP1 cleavable complex relative to the approaching replication fork is important in determining the outcome of the collision (21) . The molecular basis for this orientation dependence is unclear. However, it is known that the major protein-DNA contact is located 5′ to the site of cleavage, creating an asymmetric TOP1 cleavable complex (32) . The ability of elongating RNA polymerases to transcribe through TOP1 cleavable complexes located on the non-template strand without inducing irreversible single-strand breaks could suggest the importance of the orientation of the TOP1 cleavable complexes. Alternatively, the elongating RNA polymerase may only track along the template strand since other types of DNA damage on the non-template strand are also transparent to the elongating RNA polymerase (33) (34) (35) (36) (37) . It should also be noted that this orientation-sensitive collision between a TOP1 cleavable complex and the RNA polymerase complex is reminisicent of the orientation-sensitive collision between a DNA replication apparatus and an RNA polymerase transcription complex (37) . Whether our observed orientation effect reflects a property of the TOP1 cleavable complex or an intrinsic property of the RNA polymerase elongation complex remains to be elucidated.
In our transcription collision model, the reversible cleavable complexes are primarily converted into irreversible single-strand breaks. Consequently, strand breaks induced by transcription may be more reparable and hence tolerable by cells. However, these TOP1-linked single-strand breaks could potentially contribute to camptothecin cytotoxicity in several ways. First, these irreversible TOP1-linked single-strand breaks may be more effective than reversible TOP1 cleavable complexes in colliding with the replication forks in S-phase cells. Second, the unrepaired TOP1-linked single-strand breaks in non-S-phase cells may be converted into lethal double-strand breaks and/or, if not repaired prior to entry into the S-phase, may become lethal due to their collision with the replication forks. Third, these TOP1-linked irreversible single-strand breaks may be particularly lethal in repair-deficient cells such as Cockayne cells, Ataxia-telangiectasia (AT) cells or poly(ADPribose) polymerase-deficient cells (38) (39) (40) . Although we have demonstrated the effect of transcription elongation on conversion of TOP1 cleavable complexes into irreversible strand breaks, one should also consider the possibility that DNA helix-tracking processes, other than RNA transcription, might also convert TOP1 cleavable complexes into DNA strand breaks in vivo and contribute to cytotoxicity. In this regard, it should be noted that a DNA helicase has been shown to convert TOP2 cleavable complexes into irreversible strand breaks (41) .
We have also observed that some cleavable complexes located upstream of the promoter on the non-template strand are converted into irreversible strand breaks during active transcription (Fig. 4) . This phenomenon is difficult to explain. At present, we are considering two possibilities, as follows: (i) arrest of the elongating RNA polymerases by the TOP1 cleavable complexes on the template strand activates a cryptic promoter pointing in the opposite direction; (ii) arrest of the elongating RNA polymerases on the template strand by the cleavable complexes may cause polymerase queuing beyond the promoter. This backward polymerase queuing may effect a collision between the RNA polymerase molecule and the cleavable complex on the non-template strand, thereby converting the reversible cleavable complexes into irreversible strand breaks. It is difficult to imagine how polymerase molecules can queue beyond the promoter. It has been observed, however, that saturating amounts of open complexes can form cooperatively on DNA depending on the presence of only a single promoter site (42) . However, regardless of the mechanism, the presence of irreversible TOP1-linked single-strand breaks upstream of the promoter is unlikely to occur in vivo since, except in the case of Tetrahymena rDNA (43) , no TOP1 cleavable complexes have been located upstream of the promoter (23, 25, 26) .
The observation that transcription can induce a low level of an irrversible double-strand break near the site of the promoter is interesting. The formation of this double-strand break is dependent on both active transcription and the presence of TOP1 cleavable complexes. The molecular mechanism for the formation of this double-strand break is unclear. The simplest explanation is that the double-strand break is due to the presence of two overlapping, irreversible single-strand breaks one located on each DNA strand. The induction of irreversible double-strand breaks by camptothecin is inefficient. However, it could contribute to S-phase-independent cytotoxicity of camptothecin (44) .
TOP1 is known to be highly enriched within the transcribed region of actively transcribed genes (22, 24) . Poisoning of TOP1 by camptothecin has been shown to occur predominantly within the actively transcribed genes (23, 25, 26) . The possibility that these TOP1 cleavable complexes may interact with the elongating RNA polymerase has been suggested from experiments which measure the RNA polymerase density within the rDNA gene in HeLa cells and CHO cells (25, 45) . Upon treatment with camptothecin, the elongating RNA polymerases were shown to accumulate in the 5′ end of the rDNA gene and the DHFR gene (25, 45) . The accumulation of the elongating RNA polymerases was also accompanied by arrest of RNA synthesis (25, 45) . These results could be explained by an interaction between elongating RNA polymerases and TOP1-camptothecin-DNA cleavable complexes. Our current in vitro results may suggest that such an interaction, if it occurs on the template strand, could lead to transcription arrest and the formation of irreversible single-strand breaks. If this is the case, camptothecin can be used to deliver DNA damage primarily onto the template strands of actively transcribed genes. Such an agent is expected to be very useful for probing transcription-coupled repair. Consistent with this notion, Cockayne cells (both A and B complementation groups) which are known to be defective in transcription-coupled repair, have been shown to be hypersensitive to camptothecin but not to the TOP2 poison VM-26 (38) . This hypersensitivity could be due to residual unrepaired TOP1-linked single-strand breaks which either increase the frequency of lethal collisions with the replication forks in S-phase cells and/or cause cytotoxicity in non-S-phase cells. Clearly, more studies are necessary to establish the nature of camptothecininduced DNA damage in mammalian cells.
